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Abstract 



We point out that, in a class of SO{W) models with matter fields in 16 and 10 
00 ■ representations and type II realization of the seesaw mechanism, the light neutrino 

^^ I masses and the CP asymmetry needed for leptogenesis are controlled by one and the 

"^ ' same set of couplings. The generated baryon asymmetry then directly depends on 

the low-energy neutrino parameters, with no unknown seesaw-scale flavour parameters 
f*^ , involved; in particular, the necessary CP violation is provided by the CP-violating 

phases of the lepton mixing matrix. We compute the CP asymmetry in triplet decays 
for this scenario and show that it can lead to successful leptogenesis. 



1 Introduction 

The seesaw mechanism [T] nicely connects two pieces of observation that remain un- 
explained in the Standard Model: the smallness of neutrino masses and the fact that 
our universe contains almost no antimatter. Indeed, the same heavy states that are 
responsible for the generation of small Majorana masses for the Standard Model neu- 
trinos in the seesaw mechanism can be the source of the observed baryon asymmetry 
through their decays. The lepton asymmetry generated in the out-of-equilibrium de- 
cays of the heavy states is then partially converted into a baryon asymmetry by the 
non-perturbative sphaleron processes [2]. This mechanism is known as baryogenesis 
via leptogenesis [3]. The role of the heavy states is generally played by right-handed 
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neutrinos (type I seesaw mechanism) and/or by scalar SU{2)l triplets (type II seesaw 
mechanism [1]). 

In spite of this intimate connection between neutrino masses and leptogenesis, there 
is little correlation, in general, between the generated baryon asymmetry and the neu- 
trino parameters that can be measured at low energy. For instance, in the Standard 
Model augmented with a type I seesaw mechanism, the CP asymmetry in right-handed 
neutrino decays is not directly related to the CP-violating phases of the lepton mix- 
ing (PMNS) matrix [Sj. Even in the constrained framework of SO(IO) Grand Unified 
Theories (GUTs) [6], there is generally enough freedom to spoil any relationship of 
this kind. Exceptions to this general statement are possible at the price of strong 
assumptions on the seesaw parameters [7j. 

In this paper, we present a new leptogenesis scenario in which the generated baryon 
asymmetry is directly related to the low-energy neutrino parameters, with no depen- 
dence on unknown seesaw-scale flavour parameters. In particular, the relevant CP 
asymmetry depends on the CP-violating phases of the PMNS matrix. This scenario 
is realized in 5*0(10) models with Standard Model fermions split among 16 and 10 
representations and type II realization of the seesaw mechanism. 

The paper is organized as follows. In Section El we describe the class of 50(10) 
models in which our leptogenesis scenario takes place. In Section [3l we present this 
scenario and compute the relevant CP asymmetry. We then discuss its dependence 
on the light neutrino parameters. In Section U we write the Boltzmann equations 
and estimate the efficiency factor that determines the final baryon asymmetry. We 
also comment on lepton flavour effects and on the contributions of other heavy states 
present in the model. Finally, we present our conclusions in Section \5\ 



2 The S'O(IO) framework 



In standard 50(10) unification, all Standard Model fermions of a given generation re- 
side in a 16 representation, together with a right-handed neutrino. The charged fermion 
and Dirac neutrino mass matrices receive contributions from Yukawa couplings of the 
form 16jl6jH (where H = 10, 126 and/or 120) as well as from non-renormalizable 
operators suppressed by powers of a scale A ^ Mqut- Majorana masses for the right- 
handed neutrinos are generated either from 16jl6jl26, or from the non-renormalizable 
operators 16jl6jl6 16/A. This leads to small Majorana masses for the light neutrinos 
via the type I seesaw mechanism. In addition, light neutrino masses may also receive 
a type II seesaw contribution from the exchange of the electroweak triplet contained 
in the 126 representation. Leptogenesis in this framework has been studied by many 
authors [8j, both in the type I and in the type I+II cases. In spite of the existence of 
constraining 50(10) mass relations, the predictivity of these models for leptogenesis 
is generally limited, due in particular to the presence of physical high energy phases 
contributing to the CP asymmetry. 

In this paper, we consider a different class of (supersymmetric) 50(10) models, in 
which the Standard Model fermions are split among 16 and 10 matter multiplets [OlIlOj. 
More precisely, we are interested in a subclass of these models in which neutrino masses 
arise from a pure type II seesaw mechanism. The advantage of these models is that, 



as we are going to see, they lead to a more predictive leptogenesis. To be specific, let 
us consider the following superpotential: 

W = ]^ yijl6a6jl0 + ^leaOjie + ^ ^10a0j54 

+ - cjlO 10 54 + - M54542 + • • • , (1) 

where 16j and lOj {i = 1, 2, 3) are matter representations, 10, 16 and 54 are Higgs rep- 
resentations, and we imposed a matter parity to restrict the form of the superpotential. 
The splitting of the matter representations 16j = (10"*^^, 5 , l^^)i and lOj = (5 , ^^^)i 
is realized by the vev v]^ of the S'[/(5)-singlet component of 16, which gives large 
5'C/(5)-invariant masses Mi = hiV^' to the (5j , Sj'^) pairs. In the following, we shall 
refer to the components of hY' as heavy antilepton doublets L? (with lepton number 
L = —1) and heavy quark singlets Di (with baryon number B = +1/3), respectively: 

5I0 ^ (LM?), . (2) 

The Standard Model fermions are identified as: 

lOf = (g,n^e^), , hf = {L,d%, (3) 

(the remaining 16j component being the right-handed neutrino: ij^ = vf), and their 
mass matrices are given by, at the renormalizable level: 

Mu = yv]^ , Md = Mj = hvf , (4) 

where v}^ and v]^ are electroweak-scale vevs associated with the SU{2)l doublet com- 
ponents H^ and H^ of 10 and 16, respectiveljo. As is well known, the GUT-scale 
mass relation Md = MJ is not consistent with the measured values of the charged lep- 
ton and down quark masses, and must be corrected by non-renormalizable operators. 
As for neutrino masses, they arise from a pure type II seesaw mechanism, in con- 
trast with standard SO (10) unification where the type I seesaw contribution is always 
present. Indeed, Eqs. ([T]) and ([3]) imply that the Dirac mass matrix vanishes at the 
renormalizable level, while the 54 Higgs multiplet contains a pair of electroweak triplets 
(A, A) with the requisite couplings i^fijLiLj/S. and ^(jH^^H^^A to mediate a Majorana 
mass term for the Standard Model neutrinos: 

with Ma = M54. In this paper, we neglect possible subdominant type I contributions 
to Eq. ([5]) coming from non-renormalizable operators. Note that this realization of the 
type II seesaw mechanism is very different from standard 50(10) unification with a 
126 + 126 pair. 

The above conclusions hold as long as the 5j 's do not mix with the 5j 's. This as- 
sumes in particular that the 54 Higgs multiplet in Eq. ([T]) does not acquire a GUT-scale 
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vev, and that direct mass terms MjjlOjlOj are forbidden (which can easily be achieved 
by a global symmetry). In the opposite case, the light Li and d? are combinations of the 
corresponding components of 5j and 5j , and many of the features described above 
are modified. In particular, the GUT-scale relation M^ = MJ no longer hold |10j . and 
neutrino masses receive both type I and type II seesaw contributions. Since we are 
interested in the more predictive type II case, we shall not consider this possibility any 
longer. 

Let us close this section with some remarks about the seesaw scale. The observed 
frequency of atmospheric neutrino oscillations indicates that Ma in Eq. ([5]) should lie 
significantly below the GUT scale, Ma ^ 5 x 10^^ GeV. On the other hand, it is difficult 
to maintain gauge coupling unification with incomplete SU{5) representations at an 
intermediate scale. Since 54 = 24 + 15 +I5 under SU{5), with A C 15 (A C 15), 
this suggests two possibilitiecl: (i) the whole 54 representation lies below the GUT 
scale (Ma = M54 < Mgut); (ii) the 24^^ component of 54 is split from the (15^^, 
15 ) pair (Ma = M15 <C M24). The first possibility can be realized by generating an 
effective mass for the 54 from the non-renormalizable operator 1616 54 54/A, while 
forbidding a direct mass term by an appropriate symmetry. The second possibility 
requires a splitting between M24 and M15. This can be achieved e.g. by an additional 
coupling 54 45 45 involving a 45 Higgs representation with a GUT-scale vev along its 
5'f/(5)-singlet component, which will give a large mass to the 24^^ component of 54. 

Notice that the requirement of perturbative gauge coupling unification constrains 
the values of M15 and M24. Indeed, while the unification of gauge couplings at Mgut — 
2 X 10^^ GeV is not spoiled by the addition of complete SU{5) representations to the 
MSSM spectrum, their contribution to the beta function coefficients increases the value 
of the unified gauge coupling. Taking e.g. M24 = IOM15 = lOOMi (and noting that 
Eq. ([1]) implies Mj oc nie^, where the Mj are the masses of the {51^,5^ ) pairs), the 
requirement of perturbative unification, acuT < 1; sets a lower bound of 4 x 10^^ GeV 
on M15. This bound can be lowered if the (15^^, 15 ) and/or 24^^ multiplets are 
split, or if M24 > IOM15. 

3 The leptogenesis scenario 

The class of 50(10) models described in the previous section contains several heavy 
states that can contribute to leptogenesis through their decays. Let us first consider 
the components of the (15^^, 15 ) multiplets, which as discussed above must be 
significantly lighter than Mgut (we shall address the case of the 24^^ multiplet in 
Section 13. 2p . Under SU{3)c x SU{2)l x [/(l)y, the 15 representation decomposes 
as 15 = ($],Z, A), where S = (6, l)_2/3) ^ = (3, 2)_|_i/g and A = (l,3)+i. Since 
10il0j54 D 5j 5j 15^^, each of these states can decay into a pair of light matter 
fields. The supergraphs responsible for the asymmetries between these decays and 
the CP-conjugated decays are represented in Fig. [H where, depending on the de- 
caying state, 15^^, 15 , 24^^, 5^^^^ and 5j should be replaced by their appropriate 
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Figure 1: Supergraphs responsible (together with the similar supergraphs obtained upon re- 

-54 rrn^54 , ^m 1^lO^ 



placing 15 

of the (15^^ 



15'^ and 5,10 

r54 



5j ) for the CP asymmetries in the decays of the components 
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components. Note that there is no self-energy contribution to the CP asymmetry, 
since the interference of the self-energy diagram with the tree level diagram is propor- 
tional to the real combination of couplings [Tr(//*)]^. If all three generations of 5j^'s 
were massless or degenerate in mass, the vertex contribution would be proportional to 
Im[Tr(//*//*)] = and would therefore vanish as well. 

However, this is not the case in our scenario, since the (5^^*^, 5, ) vector-like pairs 
are heavy with strongly hierarchical masses. Indeed, as follows from the second term 
in Eq. ([T]), their masses are determined by the same couplings as the charged lepton 
masses (up to possible corrections from non-renormalizable operators modifying the 
mass relation Md = MJ): Mi = hiv}^ ~ mg.{v\^ /v^^), where the hi are the eigenvalues 
of the matrix of couplings hij. Furthermore, the optical theorem tells us that only the 
(5^0, 5^0) pairs with M15 > Mi + Mj can contribute to the CP asymmetry. The vertex 
contribution is therefore proportional to J2ij '^ij ^(^^^5 ~ ^i ~ -^i) I™[/«i(/*//*)«i]) 
where the coefficients Cij account for the Mj-dependent loop function, and 0{x) is the 
Heaviside function. Thus, thanks to the presence of heavy states with hierarchical 
masses in the loop, the CP asymmetry does not vanish in our scenario. This is very 
different from the usual triplet leptogenesis scenarios [11], in which two different sets 
of couplings are needed in order to obtain a non-vanishing CP asymmetry. 

Notice that (i) the three relevant SU{5) couphngs 5f5f24^'^, sf sflS^'' and 
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are determined by one and the same matrix /; (ii) the masses of the 5J^^s 
are approximatively known, up to an overall scale, in terms of charged lepton masses. 
These properties, which follow from the underlying 50(10) structure, make this model 
more predictive than usual leptogenesis scenarios. 



3.1 The CP asymmetry in triplet decays 

In this section, we compute the CP asymmetry in triplet decays. The relevant super- 
potential, inherited from the 50(10) superpotential ([1]), reads: 
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(6) 



where Hu and Hd are the hght Higgs doublets, au4 = ctq^ ^ {cid,u being defined by 
Hd!u = "d,uHd,u + • • • ) and 

V2' 
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The following superpotential terms will also be needed for the computation of the CP 
asymmetry: 



Ws.T = /«ifU\/;;'S + \/o^ '<'2ij + ^MsS= + -MTTr(r2), (9) 



where S and T are the (1, 1, 0) and (1, 3, 0) components of 24^^, and T = a ■ T j \pl. 

The chiral superfields A and A describe two complex scalar fields, A^ and A^, and a 
Dirac spinor field ^a- Since we are dealing with a supersymmetric theory, we only need 
to compute the CP asymmetry in the decays of one of the component fields, e.g. the 
scalar triplet A^. This field has four decay modes (neglecting phase space suppressed 
3-body decays such as A^ -^ L'^e'^ Hd): it can decay into light leptons (A^ -^ LL), 

heavy sleptons (Ag -^ L'^L'^), down- type Higgsinos (A^ -^ HdHd), and up- type Higgs 
bosons {Ag -^ HuHu). The corresponding decay widths are given by 



with 
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The kinematic factor K for decays into L'^'s is 

K{xi,Xj) = 9{1 - ^/x^- y/x])^\{l,Xi,Xj) , (12) 

where A(x, y, z) = x"^ + y^ + z^ — 2{xy + yz + xz). 

The CP asymmetry in the decays of A^, A* into light leptons is defined by: 

__ ^ r(A,^II)-r(A,*^LL) 

'A.-LL - Fa. + Taj ' ^ ^ 

where Faj = M^ ^a Aa/l^^vr) is the total A^ decay rate. Unitarity and CPT imply 

T/\s = Ta*- One can easily check that the asymmetries in the decays A^ -^ HdHd 
and Ag -^ H^H^ vanish at the one loop order, as they involve a single coupling ad or 
au- As a result, the equality Ta, = Ta* reduces to r(A* -^ LL) + r(A* -^ L^* L"*) = 
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Figure 2: Feynman diagrams responsible (together with the CP-conjugated diagrams) for 
the CP asymmetry in the decays of the scalar triplet into Standard Model lepton doublets. 

V{As —* L L) + T{/S.s — > L'^L'^), i.e. the CP asymmetries in A^ decays into light leptons 
and into heavy sleptons are exactly opposite. This allows one to define 



eA, = 2e. 



*L'=L'' 



-2e, 



*LL ' 



(14) 



where the factor of 2 accounts for the fact that two antileptons are produced in each 
As decay. Furthermore, supersymmetry ensures that the CP asymmetries of all com- 
ponents of the A, A supermultiplets are the same: 



eA. 
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(15) 



The Feynman diagrams relevant to the computation of e^ are shown in Fig. [2l For 
arbitrary masses M\, Ms, Mt and Mj {i = 1,2,3), one obtains: 
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where cs = 3/5 and ct = 1 are SU{5) Clebsch-Gordan coefficients, and the loop 
function F reads: 



F{x,Xk,xi) 



0{1 



xi) \fx In 



1 + 22; - Xfc - x/ + Y^A(l,Xfc,Xi) 



1 + 2x - Xfc - x; - i/A(l, 



Xk.Xl] 



■ (17) 



It is instructive to consider some particular cases. In the case 2M3 < Ma, all terms 
in the sum over /c, / in Eq. ()16p contribute to the asymmetry, and they add up to 
zero in the limit of massless -L?'s (Mj/Ma — > 0). This is simply due to the fact that 
eA oc Im [Tr(//*//*)] in this limit, as discussed previously. In the case 2Mi < Ma < 
M\ + M2, only the term k = I = 1 contributes and F is maximal for Mi = 0, while it 
is reduced by about a factor of 2 (4) for 2Mi/Ma = 0.87 (0.97) and Ms,t/Ma > 3. If 
in addition Ms = Mr = M24, Eq. ([16]) simphfies to, for Mi <C Ma: 
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^L + ^L': + ^H^ + '^Ha 



(18) 



where Xli = |/ii|- 



3.2 Other CP asymmetries 

The CP asymmetries in the decays of the other components of the (15, 15) multiplets 
can be computed along the same hnes, taking into account the following differences 
with the triplet case (we consider the scalar components of the T, and Z multiplets for 
definiteness) : 

• Tis and Zg cannot decay into Higgs fields, since the colour triplets contained in the 
10 Higgs multiplets (to which the S and Z fields couple via the 50(10) operator 
10 10 54) must have GUT-scale masses in order to suppress the dangerous D = 5 
proton decay operators. Thus, they have only two 2-body decay modes, S^ — > 
d'^ d'^ and S^ -^ DD (respectively Zg -^ Ld^ and Zg -^ L^D), with opposite CP 
asymmetries: 

es = '^<^T.s^DD = -2 6^^^^^, (19) 



• es and ez are given by a similar expression to Eq. p6j) , with Ma replaced by Ms 
and Mz, respectively; however the 24^'* components in the loop and the Clebsch- 
Gordan coefficients are not the same. Furthermore, the total decay rates Fs^ and 
Tzs differ from Fa^ due to the absence of Higgs decay modes. For \a\ ^ \fij\ this 
results in a significant enhancement of e^ and ez with respect to eA- 

It is important to notice that, among the components of the (15, 15) multiplets, 
only the SU{2)l triplets (A, A) have {B — L)-violating interactions (in the limit in 
which Mcfyr-suppressed interactions are neglected jfl. Hence the decays of the (S, S) 
and {Z, Z) fields cannot generate a sizeable B — L asymmetry by themselves. Still they 
produce asymmetries in the number densities of the species Lj, d^, L^ and Di, which 
can affect the dynamical evolution of the B — L asymmetry generated in the decays of 
the (A, A) components. 

A similar statement can be made about the decays of the components of the 24^^. 
Feynman diagrams analogous to the ones shown in Fig. [2] generate a CP asymmetry 
between, e.g., the decay Sg ^ LL"^ and the CP-conjugated decay. However, since all 
renormalizable interactions of the 24^^ components respect B — L, their decays cannot 
generate a B — L asymmetry by themselves. Still they affect leptogenesis by producing 
asymmetries in the number densities of the species Li, L?, d? and Di. In the following, 
we assume M24 ^ Ma, so that either the components of the 24^^ are not efficiently 
produced in the thermal bath after reheating, or the asymmetries generated in their 
decays have been washed out before the components of the (A, A) super multiplets 
decay. 

Finally, the right-handed neutrinos are a source oi B — L violation. In our scenario, 
they do not have standard Dirac couplings, but they couple to the heavy leptons 
through the superpotential terms yui^'^ L^^ H^^ and y^i^^L'^H^^. If kinematically allowed. 



''indeed, once the colour triplets contained in the 10 Higgs multiplets have been integrated out, the only 
renormalizable superpotential terms involving S, E, Z or Z are SS, ZZ, 'Ed'^d'^, Y,DD, ZLd'^ and ZL'^D. 
These terms preserve B — L, as can be checked by assigning suitable B — L charges to the E and Z fields. 
By contrast, the simultaneous presence of the triplet interactions ALL, AH^Hlf and of the mass term A A 
violates B — L. 



the associated two-body decays will generate a B — L asymmetry stored in the heavy 
(s)Ieptons, before these decay to light species. In the following, we assume that the 
right-handed neutrinos are heavier than the (A, A) fields, so that we can neglect their 
contribution to the final baryon asymmetry - either because they are not efficiently 
produced after reheating, or because the asymmetries generated in their decays have 
been washed out before the triplets decay. This assumption is analogous to the one 
usually done in type I leptogenesis, where the contribution of the next-to- lightest right- 
handed neutrino to the lepton asymmetry is neglected. Also, the decays of the heavy 
lepton fields into right-handed neutrinos, which would introduce an additional source 
of B — L violation in our scenario, are kinematically forbidden. 

3.3 Dependence of the CP asymmetry on the hght neu- 
trino mass parameters 



The CP asymmetry in triplet decays, Eq. (|T6|) . depends on the heavy lepton masses 
and couplings, which in turn are related to the low-energy lepton parameters. Indeed, 
the superpotential terms /ijjlGj 10^16 yield the following GUT-scale mass relations: 



,16 / ^16 



M^ = rue,^ = m^^ 4g , (21 



Ifi I "O-i 1R 

where u{^ is the vev of the S'C/(5)-singlet component of 16. Furthermore, it is possible 
to choose a lOj basis in which the charged lepton and heavy matter mass matrices are 
simultaneously diagonal, and in this basis: 

/ = v^^^C^*Diag(mi,m2,m3)f/t, (22) 

where the m, are the light neutrino masses and U is the PMNS mixing matrix. The 
non-renormalizable operators needed to correct the GUT-scale relations ?7i^ = nis and 
TTie = md will in general modify Eq. (j2ip , but one can neglect this effect for an order-of- 
magnitude estimate of the heavy lepton masses. With the mgi evaluated at the GUT 
scale, and assuming that the light Higgs doublet Hd contains a large H^^ component 
(i.e. v^^ ~ Vd), one obtains: 



ill A ,, inl3 v .. inl4\ n^^r I t^n^X / v^ 



(Ml, M2, Ms) ~ (2 X 10^\ 4 X 10^^ 7 x 10^^) GeV ^-^ j [ loWGeV j ' ^^^^ 

Gauge coupling unification favours values of vl^ close to Mgut, unless the rank of 
5*0(10) is broken at the GUT scale by the vev of a different Higgs multiplet (e.g. an 
extra 16), in which case uj^, hence the Mj, can be significantly smaller. 

In the following, we assume that the situation Mi <C Ma < Mi + M2 is realizeco. 
The CP asymmetry ea is then given by Eq. (jlSp . which can be rewritten as: 



^^ " 10^^ 



[MJA 2 ^1 Im[mii(m*mm*)ii] 



^If instead Mi + M2 < Ma, ea receives extra contributions, opening additional possibilities to achieve 
successful leptogenesis that could be analyzed along the same lines. 
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where g{x) = -^x In [1 + 1/x], m = U*T)iaig{mi,m2,m^)U' and m^ = X^jWi^. In 
writing Eq. (j24p . we assumed the absence of a mismatch between the mass eigenstate 
bases of charged leptons and of the heavy lepton fields, as in Eq. ()22p . Such a mismatch 
may arise from the corrections needed to account for md^ ^ rrie. , but Eq. (j24p is stih a 
good approximation if the unitary matrix that describes this mismatch is characterized 
by small mixing angles (compared with the uncertainties on the PMNS angles). 

The factor in Eq. ()24p that explicitly depends on the light neutrino mass parameters 
reads: 

Im[mii(m*mm*)ii] 1 / 4 2 2 ■ /o ^ a 2 
=4 = - =4 i Ci3Ci2'Si2 sm(2p) mim2Am2i 

+Ci3'Si3Ci2 sin 2(p - a) mimsAmli - c\^sl^sl2 sin(2o-) m2m3Am|2 \ , (25) 



where Cij = cos 6ij , Sij = sin 9ij , Am^^ = m^ — m? , and we adopted the parametriza- 
tion Uei = (ci3Ci2e*^, C13S12, ^136*'^), in which p and a are the two Majorana-type CP- 
violating phases to which neutrinoless double beta decay is sensitive. Indeed, neutri- 
noless double beta decay depends on the effective Majorana mass \mee\ = \ X^j"ij[/gJ. 

Some comments about Eq. (p^ are in order. First, to the extent discussed above, 
the CP asymmetry is predicted in terms of the light neutrino parameters once tan /? 
and the flavour-blind parameters Al, A//^, A//^ and M^/M2a are specified (A^c is 
not an independent parameter, since it is related to A^ by A^^ = Xi\mii\/rn). This 
is a noticeable difference with leptogenesis in the standard type I and type II seesaw 
mechanisms. Second, the CP asymmetry depends on the same two CP-violating phases 
as neutrinoless double beta decay; observing CP violation in neutrino oscillations would 
not be enough to test the validity of the present scenario. Finally, it is very sensitive 
to the yet unknown value of ^13 and to the type of mass spectrum. 

To illustrate this point, let us look for the parameter values that maximize the 
quantity in Eq. (p5]) . If ^13 is close to its present experimental upper bound, sin^ ^13 k, 
0.05, the maximal value of Eq. (j25p is obtained for a normal neutrino mass hierarchy 
with mi « m2 ~ 0.01 eV and p = 0, o" = 7r/4, and it is given by « cf 3^^ 3 y^A?Ti,2i /Arrigg . 
A more precise estimate gives 9.2 x 10^^ for m-i = 0.016 eV and ,8^3 = 0.05. For 
sin 013 < 0.01, the maximum value of Eq. (I25p is obtained for an inverted hierarchy 
with m^ = and p = — 7r/4, and it is given by ss Ci2Si2^"^2i/(4|^"^32l)- ^ more 
precise estimate gives 1.7 x 10~^ for ^13 = 0. Taking \\ » A^ , A|^ and choosing 
M24 — Ma/2 in order to maximize the loop function g{M24^/M^), one obtains, for the 
above two sets of light neutrino mass parameters: 

eA ^ 2.2xlO"^Ai (maximum 013) , (26) 

~ 3.4xlO"^Ai (vanishing 6*13) , (27) 

where the value of A^ is bounded by perturbativity (requiring \fij\ < 1, one can take 
A^ as large as 5 for a normal hierarchical spectrum). In the above estimates, we 
used |Am§i| = 2.4 x lO^^ eV^ Am^^ = 7.6 x lO^^eV^ and sin^ ^12 = 0.32 [l2]. The 
asymmetry, maximized with respect to the CP-violating phases and to M^/M2i, is 
plotted in Fig. [3] as a function of the lightest neutrino mass and ^13 , for the cases of 
normal and inverted hierarchy. 
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Figure 3: The CP-asymmetry eA in units of A| as function of the hghtest neutrino mass 
and of sin^ ^13 in the cases of normal and inverted hierarchy of hght neutrino masses. The 
parameters |Am|2|, Arrigi and Qyi are chosen as specified in the text. The asymmetry is 
maximized with respect to the CP-violating phases and to the ratio MA/M24. 



Eq. (j26|) . together with Eq. (|29p . shows that an efficiency factor as small as 10~^ — 
10~ is sufficient for successful baryogenesis if eA is close to its maximum value. A 
quantitative estimate of r/ requires in general the numerical resolution of the Boltzmann 
equations, and is beyond the scope of the present papeio. However, the region of the 
parameter space which leads to a large efficiency factor can be discussed analytically, 
as we do in Section |H 



4 Dynamical evolution of the B — L asymmetry 



As discussed in Section 13.21 in the limit in which one neglects Mcfy^-suppressed in- 
teractions, the only source for the B — L asymmetry in our scenario are the out-of- 
equilibrium decays of the components of the (A, A) supermultiplets. In principle, the 
Mcc/T-suppressed interactions could be relevant for the subsequent decays of LJ and 
L^i, which would then violate B — L and affect the final baryon asymmetry. However, 
it turns out that the dominant decay modes of L^ and Di preserve B — L as, long as 
the light Higgs doublet H^i contains a non-negligible Hf^ componenl|3, and we shall 
assume that this is the case in the following. 



®A numerical analysis of the efficiency has been performed in Refs. [131 E] for the simpler case of the 
Standard Model augmented with an SU{2)l Higgs triplet, and in Ref. [15] for its supersymmetric extension. 

''Unless ad is very small, the (B-L)-conserving decay modes, even though suppressed by small Yukawa 
couplings, dominate over the (B-L)-violating ones mediated by the heavy right-handed neutrinos or by the 
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As the B — L asymmetry originates from the triplet decays, we expect that a good 
estimate of the efficiency can be obtained by considering the decays and interactions 
of the (A, A) fields only, as we do below in order to simplify the discussion. We shall 
check in Section 14.31 that including all components of the (15, 15) multiplets in the 
analysis does not affect our conclusions. We therefore define the efficiency factor r] as 
follows: 



nB-L 



A,+A; A,+A, ^a+I-a 



(28) 

J T>Ma 

where s = {27r'^ /A5)gi,sT^ is the entropy density. After conversion of the B — L asym- 
metry by the {B + L)-violating sphalerons, the final baryon asymmetry reads: 

^ = ^^^ = 7.62xlO-SeA, (29) 

s 26 s 

where we have used g^^s = g*si^SSM) + 5^^5(51, 5i) = 266.25 (we assume as in the 

previous section that a single (5]^^, ^m) P^^^ is lighter than the triplet, namely Mi <^ 

Ma < Ml + M2). The observed value of the baryon-to-entropy ratio, {nB/s)]YMAP = 

(8.82 ± 0.23) X 10"^^ [16], requires t/ea =^ 10"*. 

4.1 Boltzmann equations 

Since the interaction rates and CP asymmetries involving different components of the 
(A, A) superfields are related by super symmetry, one can obtain a valid estimate of 
r] by considering solely the scalar triplet A^. The problem of computing rj is then 
similar to the case of the Higgs triplet extension of the Standard Model studied in 
Ref. [13|, with however two important differences: our scenario involves another species 
carrying lepton number to which A^ can decay (Lf), and there is no CP asymmetry 
in the Higgs/Higgsino decay channels. The relevant Boltzmann equations (written for 
simplicity in the 0^ = case, in which A^ has no Higgsino decay mode) read: 

'^'^ = -7i^(^-ll-27A| (^1 -1|, (30) 

sHz^^ = -7^ ( rfii + Bl^^ - Bh^^ -Blc^], (31) 

sHz^ = 7DeA ( ^ - 1 I - 2jdBl H^ + =^ ] , (32) 

dAf, „ 

^Hz^ = 7DeA ( ^ - 1 1 - ^IdBl^ ( _t^ _ _iii ) , (34) 




colour triplets. For instance, the dominant decay mode of Lf (respectively Di) is Lf -^ e'^Hd (respectively 
Di — > QHd) over most of the parameter space. It is interesting to note that natural realizations of the 
doublet-triplet splitting seem to require a^ 7^ in our scenario. 
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where z = M/\/T, Yx = nx/s, Ax = Yx — Y-^ is the asyininetry stored in the species 
X, and Sa^ = ^A^+^Aj is the total density of A^ and A*; 7/5 = sYf^ V ^^Ki{z) / K2{z) 
(where Ki{z) and K2{z) are modified Bessel functions) and 7^ are the space-time 
densities of the (Ag, A*) decays and of the gauge scatterings A^A* — > lighter particles, 
respectively; B^, Bh^ and B^c are the branching ratios of Ag decays into LL, H^Hu 
and LiLi, respectively. Note that we included only decays, inverse decays and gauge 
scatterings in Eqs. (j3Up to (|34p . In particular, we omitted the triplet-mediated AL = 2 
scatterings LL <-^ H^H^ and LH^ <-> LH*, which due to the smallness of neutrino 
masses are much slower that the expansion of the Universe (except for very large 
values of Ma). Scatterings such as LfLI •s-^ H^Hu (AL = 2, triplet-mediated) and 
LJLf ^^ LL (AL = 0, triplet- or (S, T)-mediated) are even slower in the region of 
the parameter space that we shall consider below. We also neglected the washout due 
to the inverse decays of S and T, which are Boltzmann suppressed at T ~ Ma since 
Ma < M24. 

An important point to notice is that the Boltzmann equations (I3ip to (134^ are 
not linearly independent. As a result, the following combination of asymmetries is 
preserved: 

2Aa. -Al + Ah^ + A^, = . (35) 



^1 



This relation generalizes the sum rule of Ref . [13] . 

4.2 Conditions for an order one efficiency 

In triplet leptogenesis, an order one efficiency can be obtained even though the total 
triplet decay rate is larger than the expansion rate of the universe, provided that one 
of the decay channels is out of equilibrium and sufficiently decoupled from the fast 
channel(s). This has been first pointed out in Ref. [13j, where the case of the Standard 
Model augmented with a scalar triplet has been studied. A similar conclusion can be 
reached in our scenario, with the role of the slow decay mode played by A^ -^ -^1-^1 ) 
as we now discuss. 

Let us first consider the out-of-equilibrium conditions for the various decay channels. 
The condition for the decay A^ -^ aa {a = L,Hu,L\) to be out of equilibrium at 
T = Ma is /fa = T{As -^ aa)/H{M^) <C 1. Since T{As -^ aa) = XIM/s,/{2>2-k) and 
H{T) = 1.66y^r^/Afp (with g^, = 3^5 = 266.25 during leptogenesis), this condition 
translates into: 



>. «i»-^/lS^. P6) 



where we recall that A^ = y^Tr (//*), ^h^ = |<7«|, and A^c = |/ii|. Due to m? = 
^j mf oc A|A|^ /-^A' ^^^ product KlKh^ is controlled by the scale of neutrino masses: 



220 / m ^ ^ 



KlKh^ ^ —^ -—— . (37) 

sivlP \0.05eV/ 

Hence, at least one of the two channels Ag ^ LL and A^ -^ HuHu (easily both) must 
be in equilibrium. Moreover, we have \l<^ < Xl (with A^c < 0.2 A^, for hierarchical light 
neutrino masses). The candidate out-of-equilibrium decay is therefore A^ — > L\L'i. As 
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we are going to see, a large efficiency can be readied in tfie region A^c <C A//„, A^, in 
wliich triplet decays into leptons and Higgs are in equilibriurrO {Kh^,Kl ^1), while 
decays into L^LI are not (K^^ <^ 1). 

Gauge scatterings (A^A* — > lighter particles) first create an equilibrium population 
of triplets and antitriplets. During leptogenesis, this population is kept close to thermal 
equilibrium by decays and inverse decays, thanks to Eq. (|37p (the fact that ja < 7d for 
T < M^ allows the triplets to decay before annihilating [IB]). In spite of this, a large 
asymmetry A^c can develop without being washed out, due to the fact that Kl^ <C 1. 
This implies an asymmetry between the abundances of triplets and antitriplets, which 
is then transferred to A^ and Ah^ through their decays. After all triplets have decayed, 
and before the L^'s decay, we end up with: 

Yb-l = A^. -Al = -Ah^ , (38) 



where we made use of the sum rule (j35p . In order to create a large B — L asymmetry, 
a large Ah^ is thus needed. We can check that a large Ah^ indeed forms, and relate 
its size to A^^c, by noticing that the combinations 

^L Aa, , Ah^ _ Aa, , . 

-yeq ~r ycq aUQ „g „g , l-J^j 

L As Hu As 

which multiply {—2'yDBL) in Eq. ([32]) and {—2jdBhu) in Ec[- dM]), respectively, are 
forced to vanish due to Kl, Kh^ ^ 1. One can check that this is still the case after 
most triplets have decayed. Then, using again the sum rule (f35]l . we obtain: 



^B-L ^ ywfyw ^Li = j^Li- (40) 

L Hu 

To estimate A^c, let us note that, in the limit ^a = Bl<: = (remember that ja *^ 7d 
during leptogenesis), Eqs. (f30l) and (IMj) give A^c = ea^^a (-^ -^ -^a)- Taking into 
account the effect of gauge scatterings and the washout by inverse decays introduces 
an order one factor t/q < 1 such that 

A^. = r?oeAS^'^(T»MA) . (41) 

The precise value of r/o must be determined by solving numerically the complete set 
of Boltzmann equations, but the fact that ■yA ^ ID and Kl^ <C 1 guarantees that it 
cannot be much smaller than 1. We conclude that an order one efficiency r] ~ 4r7o/7 
can be reached in the region of parameter space where A^c <C Aj^/^, A^. This region will 
be identified more precisely in Section 14.41 Although we set a^ = in the Boltzmann 
equations for simplicity, this value of rj/r]Q is valid for non-vanishing values of ad such 
that Khj^ *C 1 (let us recall that a non-negligible Od guarantees that the dominant 
LI decay modes preserve B — L). For values of Ud such that Kh^^ ^ 1, one obtains 
rj ~ 7r]o/W. 



^One may wonder what would happen if either Kh^ <C 1 or Kl ^ 1. If Kh^, ^ 1, only a small A//„ 
is generated via Eq. ((33|) . resulting in a suppressed Yb-l according to Eq. ([38|l . If Kl ^ 1, one has in 
particular Al <C Xh^ and this implies a strong suppression of ea according to Eq. (|24|) . 
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Let us add a comment on lepton flavour effects. In the above, we worked in the 
"one-flavour approximation", i.e. we assumed a single generation of (light) leptons. 
Including the lepton flavours would greatly complicate the above discussion; however 
we can estimate their potential effect by assuming A^^ « A/,^ ps A^^, which is not 
unreasonable given the mild hierarchy between the decay rates A^ -^ LiLj- In this 
case, the "flavoured" Boltzmann equations reduce to Eqs. ([30]) - ([M|) with Y^^ replaced 
by 2>Y^'^ . This leads to an efficiency r] ~ 4?7o/13, to be compared with ry ~ 4r/o/7 in 
the one-flavour case (keeping in mind that the value of r]Q itself depends on whether 
flavour effects are taken into account or not). 

4.3 Effect of the other components of (15, 15) 

Let us now discuss how the above results are modified when all components of the (15, 
15) multiplets are taken into account. In this case, Eqs. (j30p - (j34p are replaced with a 
larger number of Boltzmann equations describing the evolution of Sa^ > ^T,s ■, ^Zs &iid 
of the asymmetries stored in the species A^, S^, Zg, L, (F, Hu, L\ and Di. Instead of 
the sum rule ()35p . we now find two relations between asymmetries: 



2As, + Az^, + A^^ - Arfc = , (42) 

2Aa, + ^Zs + Alc - Al + Aj^„ = . (43) 

The first relation tells us that A^ = A^^c after all components of the (15, 15) have 
decayed, hence the coloured species do not contribute to the B — L asymmetry. This is 
consistent with the fact that all relevant interactions preserve the baryon number. The 
second relation is analogous to Eq. ()35p . Furthermore, the combinations of asymmetries 
()39p are still driven to zero by the Boltzmann equations. As a result Eq. (|40p still 
holds, but now both the (A^, A*) and the (Z^, Z*) decays contribute to A^^c. In 

the limit where 7^ — 1a ~ ^(^s -^ ^1-^1) — B{Zs — > L^Di) = 0, one obtains 
A^c = eA^^sC^ » ^-^a) + ezSf^(r » Mz) = (eA + 2ez)S^^^(T > Ma). Taking into 
account the effect of gauge scatterings and the washout by inverse decays introduces 
an order one factor ?7o < 1 such that 

A^c = 7?o(eA + 2ez)T.2ST » Ma) , (44) 

where, as discussed in Section [321 ^z and eA differ by an order one coefficient but have 
the same sign. This leads us to define the efficiency factor r] as 

Yb-l = r/(eA + 2ez)S^^^(r>MA) , (45) 

so that rj ~ 4:r]o/7 for Kh^ <C 1 (respectively r] ~ Tr/o/lO for Kh^ ^ !)• Comparing the 
above equations with Eqs. ()40p and ()4ip shows an enhancement of Yb-l by a factor 
|(eA + 2e^)/eA|, which may be compensated by a smaller r/o, since A^c is washed out 
by the inverse decays of both A^ and Zg. Therefore, we do not expect the final value 
of the baryon asymmetry to be significantly affected by the presence of the (S, S) and 
(Z, Z) fields. 
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4.4 Discussion 

The conditions for an order one efficiency, 

Kli « 1 , Kl, Kh^ > 1 and M24 > Ma , (46) 

have some impact on the value of the CP asymmetry, which is not allowed to be 
maximal anymore. First, the Klc <C 1 condition sets an upper bound on the absolute 
value of the mu factor in Eq. (j24p . which also enters the neutrinoless double beta 
decay rate. Such a bound can only be satisfied for a normal hierarchy of the light 
neutrino mass spectrum. Furthermore, the condition Kh^ ^ 1 prevents us from taking 
a large value of A^, since Eq. ([SD implies A| ~ 0.05 K~1{Ma/W^'^ GeV)(m/0.05eV)2. 
Finally, avoiding the washout from (S, r)-related processes requires Ma <C M24, which 
prevents the loop function from taking its maximal value. As a result, ea takes rather 
small values in the region of parameter space where the efficiency is of order one, as 
we discuss below in greater detail. 

Let us first recall that, within the uncertainties discussed in Section [331 we can take 
the flavour-blind quantities Al, A^^, Xh^ and MA/M24 as independent parameters (in 
addition to tan/3, the light neutrino masses and the PMNS matrix, which in principle 
can all have an independent experimental determination). For definiteness, we consider 
as before the small Od case, so that we can in practice set Xh^ = 0, and we choose 
tan/3 = 10 (these parameters do not play a crucial role). We also set MA/M24 = 0.1, 
and observe that eA scales linearly with MA/M24 for the necessarily small values of 
this ratio. We are then left with Xl, Xh = Xh^ and the light neutrino parameters. 

Contour lines of constant ea in the Xl-Xh plane are shown in Fig. [J] for the case 
of a normal hierarchical spectrum with mi <C m2- In this limit, the asymmetry scales 
as sin^ ^13 and sin2cr, and is therefore maximized by sin^ ^13 = siv? 9"^^ = 0.05 and 
sin2(T = 1. Contour lines of constant Ma are also shown. The efficiency is expected to 
be large in the unshaded region. In the shaded regions closer to the axes (light blue and 
red), one of the decay channels A^ -^ HuH^ or A^ -^ L L is out of equilibrium. In the 
larger shaded region near the A^ axis (light yellow), the decay channel A^ — > L^Lf is 
in thermal equilibrium. Fig. H] shows that the observed value of the baryon asymmetry, 
rjeA ~ 10~^, can be achieved in a sizeable portion of the parameter space. Although 
the CP asymmetry grows for growing values of mi, the region in which the decay 
channel A^ — > LIL^ is in thermal equilibrium (implying a small efficiency) becomes 
simultaneously larger. In the case of an inverted mass hierarchy, the out-of-equilibrium 
condition is hardly satisfied because |mii| is bounded from below. 

For completeness, we give an example of parameter choice with rrii ~ ?tt,2 in the large 
efficiency region: rrii = 0.005 eV, sin^ 6*13 = 0.05, {p,a) = (7r/4,7r/2), Al = 0.1 > Xh^ 
and Ma = 10^^ Q^y Tj^ig gj^gg ^^ ^ Q_g y- 10-6(Ma/M24) together with Kl = 45, 
Kh^ = 5.0 and K^ = 0.19 (corresponding to Xh^ = 3.3 x 10"^ ^nd Xl- = 6.5 x lO'^). 
We note in passing that this choice of parameters corresponds to an effective Majorana 
mass \mee\ = 3.3 meV for neutrinoless double beta decay. 

A comment is in order on the scale of leptogenesis. As can be seen from Fig. [U 
successful leptogenesis in the large efficiency region requires Ma > 10^^ GeV. Such 
values are in strong conflict with the so-called gravitino constraint, which puts an 
upper bound on the reheating temperature after inflation. From the requirement that 
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Figure 4: Contours of constant e^ and Ma in the X^-Xh plane for a normal hierarchical 



neutrino mass spectrum with rrii -C m2, sin ^13 = 0.05 and sin2cr 
regions, the conditions for a large efficiency are not satisfied. 



1. In the shaded 



the gravitino rehc density does not exceed the dark matter density, one obtains Tjih ^ 
Iq{^-^Oj QqY fQj- g^ gravitino of mass 777.3/2 ~ 100 GeV |17) . If the gravitino is not the 
LSP, a much stronger bound comes from the requirement that its decays do not spoil the 
successful predictions of Big-Bang Nucleosynthesis [18J, but it is more model-dependent 
and can be evaded in some schemes (e.g. in the presence of i?-parity violation |19j). 
However, there are ways to reconcile the large efficiency regime of our scenario with the 
gravitino constraint. A first possibility is to assume an extremely light gravitino [20], 
"^3/2 ^ 16 eV [21j . where the upper bound comes from WMAP and Lyman-a forest 
data. In this case, the gravitino decouples when it is still relativistic and escapes the 
overproduction problem. Such a small gravitino mass can be obtained in some scenarios 
of gauge-mediated supersymmetry breaking [22] . A second possibility is to assume a 
very heavy gravitino [23], 711.3/2 ^ 100 TeV. In this case, the gravitino decays before 
nucleosynthesis and does not affect the light element abundances; furthermore, the 
(neutralino) LSPs produced in the decays of such heavy gravitinos annihilate efficiently 
enough to reach their thermal abundance [2l]. Therefore, there is no gravitino problem. 
Finally, a third possibility is to resort to non-thermal production of the heavy triplets, 
e.g. during reheating [25], preheating [26], or via another mechanism [27]. In this way 
the triplets could be sufficiently produced even though the reheating temperature lies 
several orders of magnitude below their mass. 

Let us note in passing that the level of predictivity of our leptogenesis scenario is 
maintained in a non-super symmetric version of the S'O(IO) model with a real 54 Higgs 
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multiplecl. In this case, there is of course no gravitino problem, but the advantages of 
supersymmetric unification are lost. 

5 Conclusions 

We presented a new leptogenesis scenario in which the generated baryon asymme- 
try depends on the low-energy neutrino parameters. This scenario arises in 50(10) 
models with Standard Model fermions split among 16 and 10 representations and 
type II realization of the seesaw mechanism. The predictivity of our scenario is due 
to the fact that the light neutrino masses and the CP asymmetry in triplet decays, 
eA, are controlled by the same set of couplings. This is to be contrasted with most 
leptogenesis models, in which the prediction for the CP asymmetry depends on un- 
known high-energy flavour parameters. In our scenario, instead, eA is proportional to 
"^ki^ki^i^A. — Mk — Mi)I'm[mi^i{m* mm*)ki], where m is the light neutrino mass 
matrix, and the coefficients Cki depend on the masses of the heavy lepton fields, M^ 
{k = 1, 2, 3). The latter are in turn proportional to the Standard Model charged lepton 
masses, up to some degree of model dependence. As a result, the CP asymmetry in 
triplet decays is directly related to the light neutrino parameters; in particular, the CP 
violation needed for leptogenesis is provided by the CP-violating phases of the PMNS 
matrix. In the case where 2Mi < Ma < Mi + M2 , e a is directly related to the effective 
Majorana mass of neutrinoless double beta decay. 

We discussed the possibility of generating the observed baryon asymmetry in two 
complementary regimes, assuming for definiteness Mi <C Ma < Mi -|- M2. The first 
regime is characterized by large values of the CP asymmetry and by a strong washout. 
As can be seen in Fig. [3l values of the CP asymmetry as large as 10~^ - 10~^ can be 
reached for ^13 close to its present upper bound and either a normal mass hierarchy 
with nil ~ ^^2) or an inverted mass hierarchy with m^ ~ few x 10~^ eV. This allows 
to generate the observed baryon asymmetry for efficiencies as small as 10~^ - 10~^. 
A study of the efficiency in this regime requires a detailed numerical analysis. On 
the contrary, the qualitative features of the large efficiency regime can be studied 
analytically. Such a regime takes place in a sizeable region of the parameter space 
where A^c <^ Xhuj^l and M24 » Ma- In this region, eA takes smaller values, as can 
be seen in Fig. [H but still large enough to allow leptogenesis to be successful provided 
that ^13 is large and the light neutrinos have a normal hierarchical mass spectrum. 
Upcoming neutrino experiments will further constrain the light neutrino parameters 
and make it possible to test the viability of the scenario. 

Let us finally comment on other low-energy implications of the class of SO{10) 
models in which our leptogenesis scenario takes place. These models contain heavy 
states which contribute to the renormalization of the squark and slepton soft super- 
symmetry breaking masses between high and low energies. The pattern of radiative 
corrections is not the same as in standard supersymmetric 50(10) models and may lead 
to distinctive signatures in flavour and CP violating processes. Also, the non-standard 



^If the 54 scalar multiplet were complex, the Lagrangian would admit two independent couplings of the 
54 to the lOi fermion multiplets, 10^10^ (/ij54 + gij54*), and the connection between the generated baryon 
asymmetry and the light neutrino parameters would be lost. 



assignment of matter fields in 50(10) representations may affect tlie predictions for 
proton decay. We defer the exploration of these effects to future work. 
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